A pproximately half of the human brain is occupied by glial cells. These are generally viewed as support cells and include oligodendrocytes, microglial cells and astrocytes. Microglia are immune-competent cells in the nervous system. Oligodendrocytes form the myelin sheet that insulates fast conducting axons. Astrocytes aid normal brain function by maintaining extracellular ion and neurotransmitter homeostasis. Importantly, unlike neurons, astrocytes retain the ability to divide throughout life and can respond to various forms of brain insults by forming glial scars that seal off injured brain. This process, often termed reactive gliosis, is believed to involve the dedifferentiation and proliferation of astrocytes or their progenitor cells and possibly other cells of glial lineage. While in the context of brain injury cell proliferation appears to be a well-regulated and potentially beneficial process, the malignant transformation of glial cells leads to uncontrolled growth and the formation of primary brain tumors. Hence the intrinsic ability of glial cells to divide makes them a likely source for cancers originating within the brain, an organ in which most other cells are post mitotic and will hence not give rise to cancerous growth.
The transformation of glial cells to malignancy is not well understood. As with many cancers, mutations in tumor suppressor genes such as P53 and amplification of oncogenes such as EGFR are common and well documented The author is grateful for the continued supported by grants from the National Institutes of Health RO1 NS-31234, RO1 NS-52634, and NS-36692, and P50-CA97247. (1) . Yet no single genetic cause has been identified and studies examining risk factors have been largely elusive (2) .
All cancerous glial cells are collectively called gliomas (3) . The vast majority belong to the astrocytic lineage and these include astrocytomas and glioblastomas, the most malignant of the gliomas. The World Health Organization (WHO) classifies gliomas on a scale of I-IV with one being least malignant, four being the most (4) . Criteria for this classification include nuclear atypia, evidence for mitosis, neovascularization and eventually tissue necrosis. Grade IV glioblastomas typically present with all these histopathological features.
Approximately 18,000 new gliomas are diagnosed each year in the U.S. alone and over 60% belong to the most malignant grade IV glioblastomas (5) . These tumors are untreatable and patients survive less than 12 months on average (6) . Even lower grade astrocytomas frequently progress towards a higher grade and hence carry a similarly dismal prognosis. Surgery remains the only treatment modality that provides some benefit, yet the invasive nature of these tumors prevents complete surgical resection in most instances (7) .
The Unique Biology of Gliomas
Gliomas are unique cancers that have adapted their biology to meet unique demands. For example, gliomas are the only cancers that grow in a confined space, the cranium, and hence cannot expand unless space is vacated for the tumors growth. Indeed, only 15% of the cranial volume is fluid-filled and tumor expansion into this ventricular space is common. However, this space is ultimately insufficient to accommodate the growing tumor. To overcome these spatial constraints, gliomas actively kill neurons in the peritumoral regions through the release of high concentrations of the neurotransmitter glutamate (8) . Prolonged activation of NMDA receptors causes peritumoral seizures and has been shown to cause exciototoxic neuronal cell death (9) , which has been implicated as the final death pathway in many neurological diseases including stroke, ALS and other neurodegenerative diseases (10) . Tumors appear to have adopted the same mechanism of cell killing to vacate room for their growth, yet they synthesize and release glutamate quite differently. Research along this vein has opened new treatment strategies targeting glutamate transporters (11) and shown promising results in preclinical studies (12) . This topic was recently reviewed (13) and will not be further discussed here.
A second unique aspect, explored in greater depth in this article, pertains to the unique way in which gliomas spread and form metastasis. Unlike other cancers that spread hematogenously, gliomas do not to disseminate through the vasculature. Their failure to extravasate into blood vessels explains why gliomas are rarely-if ever-found outside the brain and hence do not form metastasis in other organ sites. They do, however, spread quite effectively within the brain and spinal cord. Quite commonly, at the time of diagnosis, tumor cells have diffusely invaded the surrounding brain and may have already crossed to the other brain hemisphere.
Cell Invasion
As they spread and form metastasis, glioma cells migrate through the narrow extracellular brain spaces often following the path of nerve fibers or blood vessels. Figure 1 shows examples of tumor cells visualized as they are actively invading. The association with blood vessels is readily visible in Figure 1A where EGFP expressing glioma cells are shown by confocal microscopy in cortical brain slices. Even in the absence of blood flow, cells readily seek out blood vessels and use them as substrate for migration. Signals involved in this process are not known. In all likelihood a favorable extracellular matrix substrate contributes to this attraction. As illustrated in Figure 1B , which shows an electron micrograph of an invading glioma cell within normal brain, invading cells commonly assume an elongated spindle-shaped morphology that suggests that cells have shrunk to fit into the narrow spaces within the brain. As indicated in the cartoon in Figure 1C , this shrinkage may affect the entire cell or just the leading cell processes. Research discussed below suggests that glioma cells have developed an unusual ability to undergo such volume changes and that they express specific ion channels and transporters that facilitate adjustments in their shape.
Hypothesized Role of Glioma Ion Channels in Cell Invasion
To discuss the novel concept that ion channels may aid tumor cell migration, it is advantageous to introduce a working model for which supporting evidence will be provided in the following paragraphs. Such a model is depicted in Figure 1C and illustrates that cell shrinkage requires cytoplasmic water content to be reduced by the efflux of salt and obligated water. The energetic driving force for this process is proposed to be the electrochemical driving force for Cl À and K þ which are both accumulated intracellularly through the NKCC1 and Na þ /K þ -ATPase transporters respectively. A concerted opening of K þ and Cl À channels will then cause the efflux of KCl and obligated water. As illustrated in the cartoon, the activation of these channels may be a result of intracellular Ca 2þ increases for example caused by the activation of Ca 2þ -permeable AMPA receptors (12) . Moreover, this model predicts that the inhibition of either of the underlying channels or transporters would compromise the process of cell invasion.
K 1 and Cl 2 Transporters in Glioma
All prokaryotic cells maintain elevated intracellular K þ concentrations through the activity of the Na þ /K þ -ATPase, which transports Na þ out of the cell in exchange for K þ import. In most cells including glioma cells, intracellular K þ concentrations are around 100-150 mM whereas extracellular K þ in the brain is ;3 mM. As a result, there is a chemical gradient for K þ to leave the cell. Due to the large number of immobile negatively charged proteins contained in a cell, and the differential distribution of K þ by the Na þ / K þ -ATPase, most cells also have a membrane potential that is significantly negative. Consequently all cells maintain an electrochemical K þ gradient that favors the efflux of K þ . This is typically not the case for Cl À ions. Indeed, in many cells, including neurons and oligodendrocytes, [Cl À ] i is around 10 mM, and is said to be at an electrochemical equilibrium, hence there exists no net driving force for Cl À to enter or leave the cell (14) . In immature neurons, however, Cl À is actively accumulated by the activity of the Na þ /K þ /2Cl À cotransporter NKCC1 (15) , which uses the inward directed Na þ gradient to accumulate Cl À against its chemical gradient to concentrations ranging from 20-140 mM (14) . As a consequence, the driving force for Cl À now favors an efflux of Cl À upon opening of Cl À channels. This explains why immature neurons show a depolarizing response to GABA, caused by the efflux of negatively charged Cl À . Upon differentiation, most neurons show a The elongated shape is quite apparent in an electronmicrograph that captured an invading glioma cell extending between normal brain cells. (C) Cell shrinkage requires efflux of water which is energetically driven out of the cell through the concerted secretion of Cl À and K þ through ion channels. Glutamate is shown as possible motogenic stimulus acting via AMPA-R to raise intracellular Ca 2þ which may in turn activate Ca 2þ -activated BK channels. A color version of this figure is available in the online version of the journal. change in expression of NKCC1 in favor of expression of KCC, a transporter that releases Cl À and as a result, the outward directed driving force for Cl À ions is lost and GABA responses become either hyperpolarizing or simply stabilize the resting potential (14) . Interestingly, glioma cells also maintain high intracellular Cl À which we determined to be around 80-100 mM. Similar to immature neurons, this is accomplished by the activity of the NKCC1 transporters which is highly expressed in glioma tissue (16) . Even at a relatively depolarized resting potential of À40 mV (17), any opening of Cl À channels causes Cl À efflux (18) . Taken together, glioma cells therefore maintain ionic gradients that would favor the efflux of Cl À and K À through ion channels or transporters and hence these ion fluxes would provide the energetic force for water to leave the cells.
Ion Channels in Glioma
As a next step we must consider the pathways through which K þ and Cl À leave the cells to cause a specific regional decrease in water content. Obvious candidates are K þ and Cl À ion channels as well as the KCC transporter which moves both K þ and Cl À out of the cell, as depicted in Figure 1C .
Glioma K 1 Channels
Unlike non-malignant astrocytes or oligodendrocytes, which have a very negative resting membrane potential (À80 mV), glioma cells are much more depolarized (;À40 mV) (17) . This difference appears to be primarily due to an absence of inwardly rectifying K þ channels on the cell membrane. Both astrocytes and oligodendrocytes express Kir4.1, a Cs þ and Ba 2þ sensitive channel that has very high open probability at the resting membrane potential and hence confers an unusual K þ permeability on these cells (19) . Kir4.1 is thought to be the pathway through which excess neuronally released K þ is taken up into glial cells thereby buffering activity dependent changes in K þ (20) . Although glioma cells express Kir4.1, channels are mislocalized to the cell nucleus (17) ( Fig. 2A -D) most likely due to a trafficking defect. This mislocalization may not be accidental but quite purposeful. In astrocytes Kir4.1 expression coincides with cells becoming post-mitotic or differentiated (21) . Indeed, in astrocytes Kir4.1 activity must be suppressed to allow cell division. Hence one would predict that expression of Kir4.1 in glioma membranes would suppress their ability to divide. This is indeed, the case (22) as illustrated by the fact that overexpression of recombinant Kir4.1 in human glioma cells causes them to stop dividing ( Fig. 2E ). Hence a sequestration of functional Kir4.1 channels into compartments where they cannot participate in the plasma membrane K þ conductance appears to be essential for the unrestraint growth of gliomas.
Although glioma cells do not express functional Kir4.1 channels, they do express prominent K þ currents that are outwardly rectifying, i.e. predominantly allow K þ efflux, and these are mediated by channels from a different gene family. Specifically, glioma cells highly express Ca 2þactivated K þ channels that represent a new splice variant of the human slo gene that gives rise to so-called big conductance K þ (BK) channels. The glioma variant of this channels has been termed glioma BK (gBK) and contains a 34 amino acid insert near the Ca 2þ sensor of the channel (23) . This makes glioma BK channels much more sensitive to small and physiologically relevant changes in intracellular Ca 2þ (24) . As a consequence, gBK channels are activated by many physiological stimuli such as exposure to neurotransmitters or growth factors (24) . Figure 3A shows example recordings from two glioma cells, one recorded within a glioma section in situ, the other from an isolated glioma cell. Both show characteristic outwardly rectifying K þ currents that are inhibited by the application of paxilline, a BK channel specific inhibitor. In Figure 3B , recordings from an isolated glioma cell demonstrate that the application of 50lM Ach caused an increase in intracellular Ca 2þ as determined by Fura-II imaging that causes the activation of BK channels resulting in a large hyperpolarization of the cell membrane. The fact that channels can be activated by a physiological increase in Ca 2þ alone is significant because it is difficult to envision conditions under which the cells would experience large voltage changes that would otherwise be required for channel activation. Of note, gBK channels are expressed at very high density in gliomas, comparable to Kir4.1 channels in non-malignant glia. Moreover, protein expression increases with the malignancy of the tumor. As illustrated in Figure 3C , the protein concentration increases significantly when one compares Western blots obtained from 2 patients each diagnosed with tumor ranging from a grade I-IV with highest levels in a grade IV tumor. Despite the enhanced Ca 2þ sensitivity, activation of BK channels still requires intracellular Ca 2þ concentrations on the order of 500 nM for activation. While global increase in Ca 2þ of such magnitude is rare, it has been hypothesized that BK channels may localize in the vicinity of a physiological Ca 2þ source, i.e. a Ca 2þ entry channels or release site from intracellular stores. This has indeed been demonstrated in a recent study that shows the co-localization of gBK channels with IP3 receptors on the invadipodia of glioma cells (25) . While the channels do not interact directly with IP3 receptors, they jointly localize to specialized lipid domains called lipid rafts. These rafts can be isolated biochemically and contain BK and IP3-Rs in a lipid raft fraction that is also positive for caveolin-1, a structural protein that defines the subset of caveolar lipid rafts. Functionally, this clustering into defined lipid domains creates a privileged microenvironment in which BK channels can experience significant increases in Ca 2þ sufficient for channels activation. Given that BK channels are the only significant K þ conductance in gliomas and the fact that they are activated by physiological ligands that are important in glioma invasion, we suggest that gBK is an important diffusional pathway for K þ release required for the shrinkage of invading cells or their processes.
Glioma Cl 2 Channels
For K þ efflux through BK channels to mediate cell shrinkage, the cation efflux must be balanced by the efflux of osmotically active anions, most likely Cl À . Indeed, glioma cells show an unusual resting conductance for Cl À which can be attributed to channels that are sensitive to NPPB, DIDS and tamoxifen (18) . In cells voltage clamped at À40 mV using amphoterecin-perforated patch clamp so as not disturb intracellular Cl À , the Cl À channel blocker NPPB reversibly blocked a Cl À current and inhibited a resting membrane conductance (18) . Similar experiments in nonmalignant astrocytes show an almost complete absence of Cl À channels active at rest (26) . This Cl À conductance contributes significantly to the depolarized resting potential of glioma cells as inhibition of these Cl À channels causes a-10.7 mV hyperpolarization of the membrane potential (Habela and Sontheimer, unpublished). Cells that extend processes show activation of an NPPB sensitive channel and process extension correlates directly with and requires channel activity (Fig. 4A) . The identity of the underlying Cl À channels has been questioned for some time. Unfortunately, specific pharmacological inhibitors for Cl À channels are absent and hence one must rely on a combination of biochemical and biophysical approaches to identify the underlying channels. The examination of glioma biopsies from patients revealed prominent expression of ClC-2, À3 & À5 (Fig. 4B ) and all glioma cell lines examined also express these proteins (Fig. 4B ). ClC-2 is also abundantly expressed in normal brain yet ClC-3 and ClC-5 are believed to be expressed only on intracellular vesicles. In gliomas, however, ClC-3 is found on the cell membrane and immuno-gold conjugated antibodies to ClC-3 show clusters of ClC-3 channels on the cell membrane and in intracellular vesicles (Fig. 4C ). Importantly, currents attributable to ClC-2 and ClC-3 channels can be readily identified using genetic knockdown approaches. The treatment of glioma cells with ClC-2 antisense causes the selective loss of inwardly rectifying Cd 2þ sensitive Cl À currents with biophysical features characteristic of ClC-2 channels (27) (Fig. 5A) . Similarly, knockdown of ClC-3 reduces outwardly rectifying, inactivating Cl À currents sensitive to NPPB and DIDS (27) (Fig. 5B) . These data suggest that ClC-2 and ClC-3 channels are excellent candidates mediating the resting Cl À conductance and hence may be involved in Cl À efflux that mediates cell shrinkage of invading cells. To question this assumption more directly, glioma invasion was studied using Transwell migration chambers in which drug effects on cell invasion can be readily quantified. These studies suggest that replacement of Cl À with anions that cannot permeate ClC-2 or ClC-3 channels impairs cell migration (25) .] (28) , as does inhibition of either ClC-2 with Cd 2þ (28) or ClC-3 with NPPB (18), the latter being most effective. Interestingly, currents with the biophysical signature of ClC-3 are also inhibited by chlorotoxin (Cltx) (Fig. 5C ), a scorpion peptide reported to be a Cl À channel inhibitor (29) . This peptide binds to essentially all glioma cells in vivo, as illustrated by an example staining using an OregonGreen conjugated peptide (Fig. 5C, right) . Interestingly, ClC-3 channels localize to the same specialized lipid domains on the invadipodia that also contain BK K þ channels (Fig. 6A,  B ) and both are found in the same lipid raft fraction when biochemically isolated (Fig. 6C ). This colocalization may facilitate the local regulation of water efflux and hence localized cell shrinkage. Moreover, these lipid domains may generate functional domains in which channels that work together are clustered into privileged domains, a concept illustrated in the cartoon in Figure 6D . In support of this, we recently discovered that these lipid raft domains are also enriched in aquaporin-4, the principle water channel expressed in gliomas (30) .
Clinical Application
Following the initial discovery that glioma cells express Cl À channels that may aid the invasion of these cells, and electrophysiological studies showing that chlorotoxin acted as relatively specific inhibitor for glioma Cl À channels (31) it was demonstrated that this drug is an effective inhibitor of glioma cell invasion in vitro and in vivo (32), ultimately paving the way for its clinical use. Figure 7A & B show examples of Transwell migration assays in which natural and recombinant Cltx were directly compared regarding their ability to inhibit glioma invasion. Both drugs showed a dose-dependent inhibition of migration with an IC 50 around 100 lM (A). Surprisingly, however, further studies on the interaction of Cltx with Cl À channels suggested that these effects were indirect. The actual receptor for Cltx appears to be a protein complex that contains MMP-2 (33) and ClC-3 and binding of Cltx induces the endocytosis of this complex and hence the ClC-3 channels (34). This is a surprising action for a scorpion peptide but explains the irreversible action of this peptide and its relatively slow time course of Cl À channel block (35) . As illustrated in Figure 7C , surface expression of ClC-3 channels is almost completely eliminated due to channel endocytosis into caveolar vesicles when glioma cells were exposed to Cltx. The drug effect could be overcome if the lipid rafts were stabilized, hence preventing endocytosis using the drug Filipin. In the presence of Filipin, Cltx also lost its ability to inhibit cell invasion (Fig. 7D) . Even preceding the identification of this mechanism of action, the relative glioma specificity of this peptide spurred research toward a clinical application of Cltx as a drug to target gliomas clinically. This work demonstrated for example that Cltx binds exclusively to glial derived tumors and some cancers that are embryologically related (36), melanoma being one example. No binding was observed to normal human tissues in numerous autopsies and biopsies evaluated. In line with these findings, a recent study used a Cy5-labelled Cltx to demarcate tumor boundaries of medulloblastomas in vivo (37) . A synthetic version of Cltx showed equal biological activity and tumor specificity to the native toxin and was submitted to the FDA for clinical evaluation. Beginning in 2004, a phase 1 clinical study began administering Cltx labeled with 10 mCu 131 I to patients with late stage, high-grade malignant glioma. These patients had received prior radiation and chemotherapy and have shown recurrence. A single injection of the drug through a micro-release catheter into the tumor cavity allowed for subsequent imaging (38) . Examples of whole body scans are shown in Figure 8 (top) , which illustrates a series of images taken from a patient over a 5-day period. As predicted from prior animal studies, Cltx showed remarkable tumor specificity and did not show any nonspecific labeling. Early scans showed radiolabel only in those organs involved with the excretion of excessive material such as the liver kidney and urinary bladder. Importantly, the peptide remained bound to the tumor tissue for over 5 days, and this is more clearly visible on the MRI scans in Figure 8 (bottom) . Coregistration of the SPECT image, identifying I-Cltx with T1-MRI as a structural image Figure 6 . ClC-3 and BK channels colocalize to lipid rafts. D54-MG glioma cells were immunostained with the beta subunit of Cholera toxin (CTxB) to identify lipid rafts. (A) ClC-3 antibodies labeled the same domains as indicated in the merged image. (B) Similarly, BK antibodies localize to lipid rafts suggesting a co-localization of ClC-3 and BK channels to lipid rafts. (C) Biochemical isolation of lipid rafts indeed demonstrates that BK and ClC-3 channels are enriched in the lipid raft domain that also contains the structural protein caveolin-1 found in caveolar rafts. (D) We hypothesize that Cl À and K þ channels colocalize to invadipodia to facilitate cell shrinkage and that lipid rafts localize them in close proximity. [Reproduced in modified form with permission from (34) .] A color version of this figure is available in the online version of the journal.
showed tumor specific retention 8 days post injection of the drug (39) . This finding is consistent with the abovediscussed discovery that Cltx is being endocytosed into caveolar vesicles and hence trapped inside cells. Typically, radio labeled compounds clear the body in less than 24 h. From a therapeutic standpoint, the endocytosis enhances the effectiveness of 131 I conjugated to the Cltx.
Results from the completed phase 1 study have recently been published (38) as have images form patients like those shown in Figure 8 . Overall the drug was deemed safe and tumor specific and FDA approved the use of this compound in a multi-center phase II efficacy study in which multiple doses of Cltx are administered. This study is currently enrolling patients at over 10 trial sites (see www.clinicaltrials. gov). An additional clinical trial has just released preliminary findings from 6 patients indicating that 131 I-Cltx administered intravenously crosses the blood-brain barrier and binds to malignant gliomas (Dr. John Fiveash, UAB unpublished). Hence, it is possible that even inoperable gliomas may soon be treated with this peptide that targets Cl À channels, and, importantly these studies may suggest the administration of this drug much sooner in the progression of the disease.
Following the cloning of glioma specific BK channels (23), described above, and the discovery that a functional loss of Kir4.1 channels is associated with the malignant growth of these tumors (22) , both classes of K þ channels appeared to also be logical targets for the development of novel therapeutic. Indeed, K þ channels have been demonstrated to govern growth control in many other cancers (40) and K þ channel inhibitors can generally inhibit cell proliferation in culture. Moreover, overexpression of the gene encoding the ''ether a go-go'' (EAG) channel in fibroblasts is sufficient to induce solid cancers in mice (41) suggesting that these channels act as oncogenes. Surpris-ingly, these channels may act as regulators for mitogenactivated protein kinase stimulating growth without acting as ion conducting pores (42) . While these studies are providing fascinating insight into the interplay of biophysics and cancer biology, they have unfortunately not yet yielded any clinical application. Despite much research, K þ channels remain elusive therapeutic targets. This is largely due to the inability to develop drugs that only target cancerassociated K þ channels. In the case of glioma cells, for example, BK channels would represent an excellent glioma specific target. However drugs that inhibit glioma BK channels also inhibit BK channels that are vital for the function of vascular smooth muscle cells and many interneurons. With regards to Kir4.1 channels, an opportunity would exist to arrest growth of gliomas if one could identify signals that enhance their expression and proper targeting to the cell membrane (22) , neither of which is currently available.
Outlook and Implications
The notion that ion channels may have important functions in cancer has been around for some time and certain K þ channels have received most of the attention (43) . In most instances it has been difficult to assign a specific, mechanistic role for these channels as it pertains to the cancerous growth that they are supporting. Gliomas may chart the way in this regard as the proposed model is intuitive and the clinical data compelling. It is possible, even likely, that other cancers use Cl À and K þ channels, albeit from different molecular families in similar ways. Cancer cells must undergo profound shape changes as they extravasate into blood vessels or as they penetrate into organ sites. Consequently the findings discussed here may have much broader applicability for other cancers. In addition, the author subscribes to the notion that cancers recapitulate many biological phenomena of early development. In this vein, gliomas may be a useful model system to understand cell migration in normal brain development where most cells are on the move. It is conceivable that migratory glia and neurons may transiently utilize the heredescribed cell volume changes as a means to support their journey through the brain placing ion channels into an important biological context.
